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The COPII vesicular coat forms on the endo-
plasmic reticulum from Sar1-GTP, Sec23/24
and Sec13/31 protein subunits. Here, we define
the interaction between Sec23/24Sar1 and
Sec13/31, involving a 40 residue Sec31 frag-
ment. In the crystal structure of the ternary
complex, Sec31 binds as an extended polypep-
tide across a composite surface of the Sec23
and Sar1-GTP molecules, explaining the step-
wise character of Sec23/24Sar1 and Sec13/31
recruitment to the membrane. The Sec31 frag-
ment stimulates GAP activity of Sec23/24, and
a convergence of Sec31 and Sec23 residues at
the Sar1 GTPase active site explains how GTP
hydrolysis is triggered leading to COPII coat
disassembly. The Sec31 active fragment is ac-
commodated in a binding groove supported
in part by Sec23 residue Phe380. Substitution
of the corresponding residue F382L in human
Sec23A causes cranio-lenticulo-sutural dyspla-
sia, and we suggest that this mutation disrupts
the nucleation of COPII coat proteins at endo-
plasmic reticulum exit sites.
INTRODUCTION
Vesicle transport pathways support the growth and main-
tenance of organelles. Vesicles are formed in a budding
reaction involving the coordination of two coat protein
complexes: an ‘‘inner shell’’ complex that binds to the
membrane and captures cargo molecules, and an ‘‘outer
shell’’ complex that polymerizes into a spherical cage to
deform the membrane into a bud. A protein-protein link
between the inner shell and the self-assembling outer
shell—as observed for example between clathrin heavy
chain and adaptors—is needed to couple the actions of
these protein complexes, leading to coat protein cluster-
ing and cargo concentration into a membrane bud (Kirch-
hausen, 2000; McMahon and Mills, 2004).
COPII-coated vesicles bud from the endoplasmic retic-
ulum (ER) to export newly synthesized proteins to the GolgiDevelopmecomplex (Lee et al., 2004). The COPII coat forms through
the sequential binding of three cytoplasmic proteins—
Sar1, Sec23/24 and Sec13/31—to the ER membrane (Bar-
lowe et al., 1994). Budding is initiated by the activation of
the G protein Sar1 to its GTP-bound form, causing it to
embed an N-terminal a helix in the bilayer (Antonny et al.,
1997). Sar1-GTP recruits Sec23/24 to form the inner shell
or ‘‘prebudding’’ complex that binds directly to cargo mol-
ecules (Miller et al., 2003; Mossessova et al., 2003). Finally,
the prebudding complex recruits Sec13/31 to nucleate the
polymerization of multiple Sec13/31 assembly units into
an octahedral cage that constitutes the outer shell of the
COPII coat (Barlowe et al., 1994; Stagg et al., 2006).
Structural analysis of Sec23/24Sar1 reveals a bow-
tie-shaped complex with a concave surface for binding
the membrane vesicle; an extensive interface between
Sec23 and Sar1 is stabilized by the bound GTP molecule
(Bi et al., 2002). The Sec13/31 assembly unit is a hetero-
tetramer—comprising Sec13/Sec31Sec31/Sec13—the
architectural core of which is organized as a linear array
of a-solenoid and b-propeller domains to form a 28-nm
long rod (Fath et al., 2007; Lederkremer et al., 2001;
Matsuoka et al., 2001; Stagg et al., 2006). Twenty-four
copies of the rod assemble to form the COPII cuboctahe-
dron (Fath et al., 2007; Stagg et al., 2006).
The nature of the link between Sec23/24Sar1 and
Sec13/31 remains unclear. Studies of yeast and mamma-
lian proteins suggest that an 300 residue proline-rich re-
gion of Sec31 interacts with Sec23 (Shaywitz et al., 1997;
Shugrue et al., 1999). This region is not part of the archi-
tectural core of the Sec13/31 assembly unit, and it seems
not to fold into a structured domain (Fath et al., 2007). On
this basis it has been suggested that the proline-rich re-
gion forms a somewhat flexible linker that projects from
the outer shell cage in toward the membrane to engage
Sec23/24 (Fath et al., 2007).
Defining the interactions between the inner and outer
shell complexes is important not only for understanding
COPII assembly, but also coat disassembly triggered by
GTP hydrolysis. Rapid GTP hydrolysis on Sar1 requires
Sec23/24, which is the GAP (GTPase-activating protein)
for the reaction (Yoshihisa et al., 1993), and is accelerated
an additional order of magnitude by Sec13/31 (Antonny
et al., 2001). Thus, the GTP hydrolysis reaction on Sar1 is
programmed in the COPII budding process, so as to cou-
ple coat assembly to disassembly.ntal Cell 13, 635–645, November 2007 ª2007 Elsevier Inc. 635
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Structure of Sec23Sar1 Complexed with Sec31Figure 1. Sec13/31 Stimulates the GAP
Activity of Sec23/24 in Solution
(A) Schematic diagram shows the domain
structure of S. cerevisiae Sec13/31 defined
previously (Dokudovskaya et al., 2006; Fath
et al., 2007). The proline-rich region is drawn
as a wavy line to convey that this polypeptide
sequence seems not to contain a discrete
domain, according to limited proteolysis
experiments.
(B) The fluorometric GTPase assay. The graph
shows time courses for four representative
reactions. The flourescence output of a solution
of 1 mM mant-GTP or mant-GppNHp was mon-
itored upon addition of varying concentrations
of Sec13/31, at a fixed concentration (3 mM) of
Sec23/24. The left-hand portion of the curves,
drawn as a dotted line, indicates the order of
addition and incubation time of the various
COPII components. Note the initial rapid
increase in fluorescence intensity upon forma-
tion of the Sec23/24Sar1-mantGTP complex. Curve (i) is a control experiment using mant-GppNHp. Curve (ii) shows GTP hydrolysis by Sec23/24 in
the absence of Sec13/31. Curve (iii) shows the additional rate acceleration caused by 4 mM full-length Sec13/31. Curve (iv) shows rapid GTP hydro-
lysis by Sec23/24 plus 10 mM Sec31 active fragment (residues 899–947). The inset graph shows a least-squares fit to a first order exponential (red
line), using data (black line) from an experiment containing Sec23/24 and 40 mM Sec31 active fragment.
(C) Experiment to assess the ability of full-length Sec13/31 to stimulate the GAP activity of Sec23/24 in solution. GTP hydrolysis rates were measured
across a range of concentrations of Sec23/24 in the absence (circles) or presence (diamonds) of 3 mM Sec13/31. Sar1-mantGTP was present at 1 mM
in all experiments. The graph shows fits of the data to a simple hyperbolic equation. In the presence of Sec13/31, the maximal GTPase rate is
0.066 s1 and the apparent Km for Sec23/24 binding to Sar1 is 1.3 mM. In the absence of Sec13/31, the maximal rate is 0.015 s
1 and the apparent
Km is 2.1 mM.In this paper, we define the active fragment of Sec31
that binds and stimulates the GAP activity of Sec23/24.
We describe the 2.5 A˚ crystal structure of the ternary com-
plex comprising the active fragment bound to Sec23Sar1
stabilized with a nonhydrolyzable GTP analog. The struc-
ture reveals that Sec31 binds as an extended polypeptide
across the Sec23 and Sar1 molecules and inserts amino-
acid side chains in the vicinity of the Sar1 active site to
accelerate GTP hydrolysis in combination with Sec23.
The F382L substitution in human Sec23A that causes cra-
nio-lenticulo-sutural dysplasia maps close to the binding
site for the Sec31 active fragment, implying that the muta-
tion may disrupt nucleation of the COPII protein machin-
ery. The functional consequences of the disease mutation
are revealed in this issue of Developmental Cell in the
accompanying manuscript by Fromme et al. (2007).
RESULTS
Sec13/31 Stimulates the GAP Activity
of Sec23/24 in Solution
The ability of Sec13/31 to accelerate GAP activity of
Sec23/24 was discovered using S. cerevisiae COPII pro-
teins bound to synthetic liposomes (Antonny et al., 2001).
According to the results of that study, there are two gen-
eral mechanisms by which Sec13/31 might alter the Sar1
active site to stimulate GAP activity: either a simple mech-
anism in which an element of Sec13/31 forms a stoichio-
metric contact with Sec23/24 or Sar1, or a more complex
mechanism in which the polymerization of the coat in-
duces changes at the active site—this might be triggered636 Developmental Cell 13, 635–645, November 2007 ª2007by intersubunit contacts, perhaps in response to mem-
brane curvature.
We favored the simple mechanism, which predicts that
in vitro GAP stimulation by Sec13/31 should be retained
in the absence of phospholipid membrane and should
require only a portion of the Sec13/31 molecule. We used
the truncated, soluble form of S. cerevisiae Sar1 (residues
24–190, hereafter referred to as Sar1) in a fluorometric
assay, and tested first whether GAP stimulation could be
detected using full-length COPII subunits dispersed in
solution. In preliminary experiments we used a substrate
comprising Sar1 bound to the fluorescent GTP analog,
mant-deoxyGTP (30-O-[N-methyl-anthraniloyl]-deoxyGTP),
because we were concerned that the fluorophore moiety
attached to the 20 position might interfere with the interac-
tion between Sar1 and Sec23 residues that approach
close to the ribose 20-hydroxyl group (Bi et al., 2002). How-
ever, GTP hydrolysis experiments using Sar1 bound to
mant-deoxyGTP and mant-GTP gave essentially identical
results (data not shown), so we used mant-GTP in subse-
quent experiments (mant-GTP is a mixture of forms with
the fluorescent mant moiety attached to either the 20 or
30 position).
Figure 1B shows a representative set of experiments in
which the fluorescence output of a 1 mM solution of Sar1-
mant-GTP was continuously monitored (l = 438 nm) as
COPII proteins were added. In curve (ii), the addition of
Sec23/24 alone to the fluorescent Sar1 substrate caused
a slow decrease in fluorescence output upon GTP hydro-
lysis, because mant-GDP has a decreased fluorescence
at the Sar1 active site (see Ahmadian et al., 1997 for details
of the mant fluorometric assay with Ras). The resultElsevier Inc.
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Structure of Sec23Sar1 Complexed with Sec31mirrors earlier reports of Sec23-dependent GTP hydroly-
sis on Sar1 (Antonny et al., 2001; Yoshihisa et al., 1993).
To confirm that the assay monitors GTP hydrolysis, we
bound Sar1 to the nonhydrolyzable form of the fluorescent
nucleotide, mant-GppNHp, and found that the addition of
Sec23/24 caused no change in fluorescence (Figure 1B,
curve i). We then tested the effect of full-length Sec13/31.
The addition of 4 mM Sec13/31 to the solution contain-
ing Sec23/24 and Sar1-mant-GTP (curve iii) stimulated
GTP hydrolysis beyond the rate due to Sec23/24 alone.
Sec13/31 itself did not have GAP activity. It synergized
with Sec23/24 to accelerate GTP hydrolysis on Sar1, as
reported by Antonny et al. (2001).
Sec13/31 may stimulate GAP activity by increasing the
intrinsic GTPase reaction rate of the Sec23/24Sar1
complex or by increasing the affinity of Sec23/24 for Sar1.
To delineate these two catalytic contributions, we mea-
sured GTP hydrolysis rates across a range of concentra-
tions of Sec23/24, in the presence or absence of 3 mM
Sec13/31 (Figure 1C). Reaction rates were obtained by
fitting the time course data to a simple exponential func-
tion. In all the experiments there is a rapid increase in fluo-
rescence upon formation of the Sec23/24Sar1 complex
(much like the fluorescent transient observed when neuro-
fibromin binds to H-Ras-mant-GTP [Ahmadian et al.,
1997]). The subsequent fluorescence decrease, which
monitors GTP hydrolysis, fits well to the exponential func-
tion (inset in Figure 1B). The results of these preliminary ex-
periments show that the presence of full-length Sec13/31
increases the GTPase rate roughly 4-fold, and increases
the affinity between Sec23/24 and Sar1 roughly 2-fold
(Figure 1C).
Thus, GAP stimulation by Sec13/31 does not depend on
the accretion of COPII coat subunits on a phospholipid
membrane. Stimulation can be measured in solution using
the mant fluorometric assay and soluble coat subunits,
and this provided a straightforward system to dissect
the active fragment of Sec13/31.
A 50 Residue Fragment of Sec31 Binds
to Sec23/24Sar1 and Stimulates GAP Activity
The interaction between Sec13/31 and Sec23 maps to the
proline-rich region of the Sec31 polypeptide (Figure 1A
shows the domain structure of Sec31). Specifically, the
S. cerevisiae Sec31 fragment comprising residues 850–
1175 was shown to interact with full-length Sec23 in
a two-hybrid analysis (Shaywitz et al., 1997). On this basis
we tested whether the proline-rich region could stimulate
GAP activity in the same manner as full-length Sec13/31.
The proline-rich region has 20% proline content (between
residues 770–1110) and seems not to contain a stably
folded domain according to limited proteolysis experi-
ments (Fath et al., 2007). Consistent with this, the majority
of Sec31 fragments that we prepared were heavily de-
graded during expression in E. coli as fusions to glutathi-
one S-transferase. We were able to express and purify a
fragment encompassing most of the proline-rich region,
residues 879–1114 (construct A in Figure 2B). Figure 2A
shows the results of the experiment comparing the activi-Developmenties of this fragment and full-length Sec13/31 across a range
of concentrations. The maximal GTPase rate for both pro-
teins was 0.1 s1; the apparent Km for the proline-rich re-
gion binding to Sec23/24Sar1 was 6.0 mM, just slightly
weaker than the value of 4.8 mM measured for full-length
Sec13/31. Thus, the proline-rich region retains the binding
and catalytic capacity of full-length Sec13/31. This effect
is exclusive to the proline-rich region, as other domains
of Sec31 had no effect on GAP activity (data not shown).
Next, we tested a series of Sec31 truncation constructs
for the ability to stimulate GAP activity (Figures 2B and
2C). All the Sec31 protein fragments were added at 1.5 mM
to an assay mix containing 1 mM Sar1-mant-GTP and 3 mM
Sec23/24. Under these conditions, full stimulatory activity
by Sec31 yielded an 5-fold rate enhancement relative to
the absence of Sec31 (compare, for example, the rate due
to construct A with the control rate in Figure 2C). The re-
sults of the experiment show that an50 residue polypep-
tide, residues 899–947, retains full activity (construct K in
Figures 2B and 2C). We refer to this as the active fragment
of Sec31. Removal of additional residues from the N or C
termini causes a reduction in activity (fragments D, E, and
J). However, there is not the dramatic loss of activity that
one would predict if the terminal residues of a folded do-
main were removed. Consistent with this, the crystallo-
graphic analysis reveals that the Sec31 active fragment
does not fold into a compact structure to interact with
Sec23Sar1, but binds as an extended polypeptide
across the surface of the inner-shell complex (see below).
Surprisingly, when we tested the Sec31 active fragment
across a range of concentrations, we found that it was
more effective than full-length Sec13/31 at stimulating
the GAP activity of Sec23/24. As shown in Figure 2D,
the maximal rate of GTP hydrolysis measured with the
active fragment was three times faster than for full-length
Sec13/31 (0.3 s1 compared to 0.1 s1). Yet the active
fragment lost a corresponding 3-fold affinity for Sec23/
24Sar1 relative to the full-length protein. This subtle
difference in stimulatory activity is perhaps not surprising
given the very different forms of the two molecules—a
5 kDa peptide versus an 340 kDa heterotetramer. Re-
gardless, the data establish that GAP stimulatory activity
is due to a circumscribed peptide element located in the
middle of the Sec31 proline-rich region (Figure 2B).
Finally, the most rapid GTPase rate that we observed in
this study—0.24 s1 measured using 40 mM active frag-
ment—was thirty times faster than the rate due to Sec23/
24 alone (Figure 2D). This 30-fold stimulation of Sec23/
24 GAP activity by the Sec31 active fragment compares to
the 10-fold stimulation reported by Antonny et al. (2001)
using liposomes and membrane-bound coat proteins.
Sec31 Does Not Contact Sec24 to Accelerate
GTP Hydrolysis
The small size of the Sec31 active fragment suggests that
it does not contact all three subunits of the Sec23/24Sar1
complex. On the other hand, two-hybrid analysis iden-
tified two interactions involving the Sec31 proline-rich
region—one with Sec23 and the other with a fragment oftal Cell 13, 635–645, November 2007 ª2007 Elsevier Inc. 637
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Structure of Sec23Sar1 Complexed with Sec31Figure 2. Dissection of Sec13/31 and Identification of the Sec31 Active Fragment
(A) The proline-rich region of Sec31 contains all of the binding and catalytic capacity of full-length Sec13/31. The graph shows the results of GTP
hydrolysis experiments across a range of concentrations of full-length Sec13/31 (circles) or Sec31 proline-rich region, residues 879–1114 (diamonds).
Sar1-mantGTP was present at 1 mM and Sec23/24 at 3 mM in all experiments. For full-length Sec13/31, the maximal GTPase rate is 0.10 s1, and the
apparent Km for Sec13/31 binding to Sec23/24Sar1 is 4.8 mM. For the Sec31 proline-rich region, the maximal GTPase rate is also 0.10 s1, and the
apparent Km for the 236 residue region binding to Sec23/24Sar1 is 6.0 mM.
(B) Diagram shows the polypeptide regions of Sec31 that were prepared in order to dissect the Sec31 active fragment.
(C) Bar graph shows the results of the Sec31 dissection experiment. The Sec31 polypeptide fragments A–K, as defined in (B), were tested for their
ability to stimulate the GAP activity of Sec23/24. In all experiments the Sec31 polypeptide was present at 1.5 mM, Sar1-mantGTP at 1 mM, and Sec23/
24 at 3 mM. GAP stimulatory activity is expressed as a percentage of the activity of the active fragment (construct K, residues 899–947). The standard
errors were obtained from least squares fits to the data.
(D) Sec24 has no effect on the binding of Sec31 to the Sec23Sar1 complex. GTP hydrolysis rates were measured across a range of concentrations of
full-length Sec13/31 or Sec31 active fragment, in the presence of 3 mM Sec23/24 or 3 mM Sec23. For full-length Sec13/31 in the presence of Sec23/24
(circles), the maximal GTPase rate is 0.10 s1, and the apparent Km for Sec13/31 binding to Sec23/24Sar1 is 4.8 mM. For full-length Sec13/31 in the
presence of Sec23 (diamonds), the maximal GTPase rate is 0.10 s1, and the apparent Km for Sec13/31 binding to Sec23/24Sar1 is 5.0 mM. For the
Sec31 active fragment in the presence of Sec23/24 (crosses), the maximal GTPase rate is 0.31 s1, and the apparent Km for Sec13/31 binding to
Sec23/24Sar1 is 12.8 mM. Finally, for the Sec31 active fragment in the presence of Sec23 (triangles), the maximal GTPase rate is 0.32 s1, and
the apparent Km for Sec13/31 binding to Sec23/24Sar1 is 17.0 mM.Sec24 (Shaywitz et al., 1997). We tested the contribution
of Sec24 to the Sec31-stimulated GAP reaction (Fig-
ure 2D). First, we used the Sec31 active fragment, and
found that Sec23 was almost as effective as Sec23/24
at catalyzing GTP hydrolysis on Sar1 (crosses and trian-
gles in Figure 2D). There is a very slight loss of affinity of
Sec31 for the inner shell proteins that may reflect experi-
mental error (apparent Km of 17 mM for Sec23Sar1 versus
12.8 mM for Sec23/24Sar1). Next, we tested full-length
Sec13/31 and found that Sec23 was as effective as
Sec23/24 in the GAP reaction. Sec24 had no effect on
the catalytic rate or the affinity of Sec13/31 for the inner-
shell proteins (circles and diamonds in Figure 2D).638 Developmental Cell 13, 635–645, November 2007 ª2007These results suggest that Sec24 is not involved in the
contacts between the inner and outer shells. It is conceiv-
able that an interaction between Sec13/31 and Sec24
occurs but is somehow not reported by our solution-
based GTPase assay, though we consider this unlikely.
The evidence for an interaction between Sec31 and
Sec24 was obtained from a two-hybrid experiment em-
ploying a C-terminal region of Sec24, residues 666–926
(Shaywitz et al., 1997). According to the Sec24 crystal
structure (Bi et al., 2002), the 666–926 fragment will have
portions of the hydrophobic core of its helical domain
exposed to solvent and may not be a suitable interactor
for two-hybrid analysis.Elsevier Inc.
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Structure of Sec23Sar1 Complexed with Sec31In summary, these data define a COPII core complex that
stimulates rapid GTP hydrolysis, comprising Sec23Sar1
and the active fragment of Sec31. We assembled this
complex from purified S. cerevisae proteins and obtained
crystals that diffract X-rays to 2.5 A˚ resolution (Table 1).
Crystal Structure Determination of Sec23Sar1
Bound to the Active Fragment of Sec31
The crystals of the ternary complex of Sec23Sar1 and the
Sec31 active fragment were grown using the truncated
form of Sar1 (residues 24–190) and were stabilized using
the nonhydrolyzable GTP analog GppNHp. The same strat-
egy was used previously to crystallize the Sec23Sar1
complex (Bi et al., 2002). Thus, the binary and ternary
crystal structures can be compared straightforwardly to
assess structural differences induced by Sec31.
The crystal structure of the ternary complex was solved
by the molecular replacement method using yeast Sec23
Table 1. Data Collection and Refinement Statistics
Space group P21212
Cell dimensions (A˚) a = 94.7,
b = 133.2,
c = 82.0
PDB accession # 2QTV
Data processing
Overall Outer Shell
Resolution (A˚) 30–2.50 2.59–2.50
Measured reflections 134,252 12,454
Unique reflections 35,291 3,417
Completeness (%) 96.2 95.0
I/s 24.8 4.4
Rmerge (%)
a 7.8 34.9
Refinement statistics
Data range (A˚) 30–2.5
Reflections 33,452
Nonhydrogen atoms 7,388
Water molecules 231
R.m.s. D bonds (A˚)b 0.0065
R.m.s. D angles ()b 1.3
Mean B factor (all atoms) 35.9
Mean B factor (Sec31 atoms) 51.1
R factor (%)c 20.5
Rfree (%)
c,d 26.2
a Rmerge = 100 x
P
h
P
i j Ih,i  <Ih> j/
P
h
P
i Ih,i.
b Root-mean-squared deviation (R.m.s. D) from target
geometry.
c R factor = 100 x
Pj FP  FP(calc) j/
P
FP; R values calculated
for data with a 2s cutoff.
d Rfree was calculated with 5% of the data.Developmenand Sar1 as search models. The Sec31 active fragment
was built into strong electron density for residues 907–
942 of the peptide, and the structure was refined using
data to 2.5 A˚ resolution (Figure 3 and Table 1).
DISCUSSION
Architecture of Sec23Sar1 Bound to the Active
Fragment of Sec31
The overall conformations of Sec23 and Sar1 observed in
the crystal structure of the ternary complex (Figures 3 and
4) are essentially the same as in the Sec23Sar1 binary
complex (Bi et al., 2002), with only subtle alterations ob-
served in the vicinity of the Sar1 active site. Sar1 is stabi-
lized in the GTP conformation by the nonhydrolyzable
analog, such that its b2-b3 switching element has shifted
to eliminate the binding site for the Sar1 N-terminal
‘‘membrane anchor’’ (Bi et al., 2002).
Thirty-six residues of Sec31, residues 907–942, are
included in the molecular model, as no electron density
is observed for the eight N-terminal and five C-terminal
positions. This is consistent with the results of the bio-
chemical dissection (see Figures 2B and 2C), and sug-
gests that as few as 35-40 residues of Sec31 are required
for GAP stimulation.
The Sec31 active fragment binds as an extended poly-
peptide across a composite surface of the Sec23 and Sar1
molecules. It does not adopt a folded tertiary structure;
moreover, it has hardly any secondary structure other than
a single turn of a helix, residues 915–919, that binds to the
switch 2 element of Sar1 (Figure 3). The active fragment is
oriented with its N terminus bound to Sar1 and C terminus
bound to Sec23. A 16 residue segment (907–922) that in-
cludes the turn of a helix, extends 15 A˚ across the Sar1
surface, interacting with switch 2 and the adjacent a3 helix
(a common binding site for GAPs on G proteins [Vetter and
Wittinghofer, 2001]). The 20 C-terminal residues 923–942
bind in a highly extended conformation, 47 A˚ long, across
Sec23, and contact the gelsolin, trunk, and b-barrel do-
mains of the Sec23 molecule (Bi et al., 2002).
The observation that the Sec31 active fragment binds
to a composite surface of Sec23 and Sar1 provides a
molecular explanation for the ordered recruitment of the
Sec23/24 and Sec13/31 complexes to ER membranes.
Only upon GTP-dependent formation of Sec23/24Sar1
is the receptor site for Sec13/31 formed on the membrane
(Barlowe et al., 1994; Matsuoka et al., 1998). A structural
corollary of this is the layered arrangement of the mem-
brane and proteins in the coat, as highlighted in Figure 4.
Thus, the Sec31 active fragment binds to the membrane-
distal surface of Sec23Sar1. All of its residues reside a
uniform distance from the membrane surface, which we
estimate to be 45 A˚ (this assumes that the membrane-
proximal surface of Sec23/24Sar1 closely apposes the
phospholipid membrane).
The sequence composition of the active fragment (Fig-
ure 5A) strongly suggests that the isolated peptide will
adopt an unstructured conformation in solution. Only res-
idue Trp922 of the40 amino acids is conserved as a largetal Cell 13, 635–645, November 2007 ª2007 Elsevier Inc. 639
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Structure of Sec23Sar1 Complexed with Sec31Figure 3. Crystal Structure of Sec23Sar1 Complexed with the Active Fragment of Sec31
The ribbon representation is shown with the membrane-distal surface of the complex facing forward. Sec23 is orange and Sar1 is red. The Sec31
active fragment is in five colors: the N-terminal element that interacts solely with Sar1 (purple, residues 907–920); a short element that interacts
with both Sec23 and Sar1 residues at the interface (white, residues 920–922); two elements that interact with Sec23 (blue, residues 923–927; green,
residues 935–942); and the intervening stretch that interacts loosely with Sec23 (yellow, residues 928–934). The blue contour lines show difference
electron density calculated prior to the inclusion of the Sec31 active fragment (at 2.5 A˚ resolution, contoured at 2.9 s). Domains of the Sec23 protein
are labeled, and the interface with Sec24 is indicated at the bottom of the picture. The switch 2 (labeled Sw2) and helix a3 elements of Sar1 to which
Sec31 binds are indicated.hydrophobic side chain. Moreover, a limited proteolysis
analysis of Sec13/31 did not identify a stably-folded do-
main in this region or in the proline-rich region of Sec31
(residues 770–1110) as a whole. Whether the Sec31 active
fragment is thoroughly unstructured in the context of full-
length Sec13/31 is unclear. The 3-fold differences in cata-
lytic rate and affinity on Sec23/24Sar1 that we reported
above may hint at regulatory conformational constraints
imposed on the active fragment by adjacent domains of
Sec13/31, but the development of this speculative idea
must await further experimental work.
Interfacial Contacts
In Figure 3, the Sec31 active fragment is colored to delin-
eate five segments. The N-terminal residues, 907–919
(colored purple), interact solely with Sar1. These residues
are not conserved in Sec31 sequences (Figure 5A), but we
observe close interactions between this region and the
switch 2 and a3 elements of Sar1. Next, residue Asp920
and the highly conserved residues Gly921 and Trp922 of
the active fragment (colored white in Figure 3) contact640 Developmental Cell 13, 635–645, November 2007 ª2007 Eboth Sec23 and Sar1 to form a tripartite protein interface
near the Sar1 active site (Figure 5D). The peptide geome-
try around residue Gly921 guides the insertion of the
Trp922 side chain close to the seat of reaction (Figure 5D),
and these interactions are key to the stimulation of GAP
activity, as described in more detail below.
The remainder of the active fragment, residues 923–942,
interacts solely with Sec23. A central stretch, residues
928–934 (yellow in Figure 3), appears to interact loosely,
whereas the regions on either side form more intimate inter-
actions with Sec23. Residues 923–927 (blue in Figure 3) are
well conserved among Sec31 sequences (Figure 5A), and
forma seriesof interactions withSec23 thatappear tobe im-
portant for affinity and for buttressing Trp922 at the Sar1 ac-
tive site (Figure 5B and D). Finally, the C-terminal stretch
comprising residues 935–942 (green in Figure 3) is not well
conserved, but several side chains—in particular Ala936,
Val939, and Val941—form intimate contacts with residues
of the trunk and b-barrel domains of Sec23 (Figure 5B).
Insummary, the bindingsite for the Sec31active fragment
extends 60 A˚ across the surface of Sec23 and Sar1, andlsevier Inc.
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Structure of Sec23Sar1 Complexed with Sec31Figure 4. Layered Appearance of COPII Coat Proteins in a Model of Sec23/24Sar1 Bound to Sec31
The ribbon representation on the left is a side view of Sec23/24Sar1 complexed with the Sec31 active fragment. Sec23 is orange, Sar1 is red,
GppNHp is blue, the Sec31 fragment is blue, and Sec24 is green. This is a composite model that includes Sec24 taken from a Sec23/24 crystal
structure determined previously (Bi et al., 2002). The gray line indicates the curvature of membrane vesicle, and the dotted red line suggests the
attachment of Sar1 to membrane via its N-terminal sequence. The view on the right is rotated 90 to show the membrane-distal surface in space-
filling representation (same orientation as in Figure 3).involves three quasi-independent binding regions (colored
purple, white/blue, and green in Figure 3). Most residue po-
sitions in the Sec31 active fragment are not well conserved,
in particular the N-terminal sequence that interacts with
Sar1 and the C-terminal portion that interacts with Sec23.
Nevertheless, these two terminal interaction regions are im-
portant for binding and stimulation of GAP activity, accord-
ing to the results of the dissection experiment (Figure 2C).
Sequence conservation is restricted to a central set of 6
residues of the active fragment that is clustered around
the tripartite interface near to the Sar1 active site.
Sec31 Residues Complete the Sar1 Active Site
for Rapid GTP Hydrolysis
Sar1 has a very slow intrinsic rate of GTP hydrolysis be-
cause, like other Ras proteins, it lacks key catalytic resi-
dues (Bi et al., 2002; Vetter and Wittinghofer, 2001). The
mechanism by which Sec23 acts as a GAP to accelerate
the reaction involves the insertion of an arginine side
chain, Arg722, into the active site to form bonds to the
phosphates via its guanidinum group (Bi et al., 2002;
Figure 5C). This type of mechanism, involving an ‘‘arginine
finger’’ residue that neutralizes negative charge in the
GTPase transition state is likewise a common feature of
Ras proteins (Vetter and Wittinghofer, 2001).DevelopmenThe crystal structure of the Sec23Sar1 binary complex
revealed two catalytic features in addition to the identity of
the arginine finger residue. First, an extensive interface
between Sec23 and the switch 1 and 2 elements of Sar1
stabilizes these regions close to the active site. Second,
a water molecule bridges the imidazole side chain of
His77 and the g-phosphate group of GppNHp, and is suit-
ably located for nucleophilic attack (Bi et al., 2002; Fig-
ure 5C). Taken together, the catalytic features of the
Sec23Sar1 active site are very similar to those seen in
other GAPG protein complexes, so it is not immediately
obvious from the Sec23Sar1 crystal structure how
Sec31 might stimulate GAP activity (discussed in Bi et al.,
2002).
Inspection of the Sar1 active site and the tripartite inter-
face in the ternary complex now reveals how Sec31 stim-
ulates GAP activity of Sec23 (Figure 5D). The active frag-
ment inserts two residues, Trp922 and Asn923, close to
the active site, with the plane of the indole ring of Trp922
oriented almost parallel with the imidazole ring of His77
(Figure 5D). We propose that this interaction optimizes
the geometry of the key histidine side chain for bonding
to the nucleophilic water molecule (His77 is equivalent to
Gln61 of H-Ras). The imidazole ring of His77 has rotated
15 upon interaction with Trp922, to align with the plane
of the tryptophan indole ring (the c2 torsion angle of His 77tal Cell 13, 635–645, November 2007 ª2007 Elsevier Inc. 641
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Structure of Sec23Sar1 Complexed with Sec31Figure 5. Sec31 Interactions at the Sec23Sar1 Interface and the GTPase Active Site
(A) Alignment of eight sequences of the Sec31 active fragment from seven species (including human forms A and B). The key at the top indicates the
conservation of the predominant residue; two black bars correspond to two common occurrences out of eight—the ‘‘noise level’’—and red bars high-
light the more highly conserved positions. Key tryptophan and asparagine residues are indicated with stars.
(B) Schematic drawing showing contacts at the protein-protein interfaces, colored as in Figures 3 and 4. Select contacts that are of structural interest
are indicated with black lines. The contact between the arginine finger residue of Sec23—Arg722 (labeled R722)—and GTP phosphate groups is
indicated with an arrow. The negative charge of the side chain of Sec31 residue D924 interacts with the electrostatic dipole of helix aI on Sec23. Res-
idue Phe380 on helix aI is mutated to leucine in human Sec23A in individuals with cranio-lenticulo-sutural dysplasia (Boyadjiev et al., 2006).
(C) Bar graph shows the results of the mutagenesis experiment. The Sec31 fragment (residues 899–947) and mutants thereof were tested for the
ability to stimulate the GAP activity of Sec23/24. In all experiments the Sec31 polypeptide was present at 1.5 mM, Sar1-mantGTP at 1 mM and
Sec23/24 at 3 mM. (These conditions are the same as in the dissection experiment shown in Figure 2C). GAP stimulatory activity is expressed as a per-
centage of the activity of the active fragment. The standard errors were obtained from least squares fits to the data.
(D) Close-up view showing Sec23 contacts at the Sar1 active site. This picture is generated from a previously determined crystal structure of Sec23
bound to Sar1 and GppNHp. Note the orientation of the arginine finger residue R722 and its bonds to the nucleotide.
(E) Close-up view of the ternary complex is oriented as in (C). The difference electron density map was calculated prior to the inclusion of the Sec31
active fragment (at 2.5 A˚ resolution, contoured at 2.9 s). Note that the arginine finger residue R722 of Sec23 and a substrate water molecule in this
ternary complex are in the same position as in the Sec23Sar1 binary complex in (C). Note also the positions of key side chains W922, N923, and D924
of the Sec31 active fragment. The position of residue Phe380 on helix aI is also indicated.is60 in the binary complex and75 in the ternary com-
plex). Other changes at the active site induced by Sec31
binding appear to support the role of Trp922. In particular,
Sec23 residue Gln720, which is oriented away from the
active site in the binary complex, is turned toward the642 Developmental Cell 13, 635–645, November 2007 ª2007 Eactive site and forms hydrogen bonds to residues
Trp922 and Asn923 of the active fragment.
Thus, Sec31 side chains do not have a chemical cata-
lytic role at the Sar1 active site like the arginine finger
residue of Sec23—indeed, only residue Pro926 is invariantlsevier Inc.
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GAP stimulation is likely caused by Trp922 of Sec31 inter-
acting with His77 to orient its imidazole ring at the Sar1
active site. In so doing, Trp922 and Asn923 plug a sol-
vent-filled cavity that extends from bulk solvent to the
vicinity of the active site, an unfavorable arrangement for
catalysis in the binary complex that leaves one surface
of the indole ring of His77 exposed to solvent (Figure 5C).
Structure-based mutagenesis of the Sec31 peptide
confirmed the importance of these key residues. Mutation
of residue Trp922 and Asn923 to alanine caused complete
loss of GAP stimulatory activity (Figure 5C). Likewise,
changes to Leu925 and residue Val939 in the C-terminal
region were highly disruptive, even though these are not
highly conserved positions (Figure 5A). Two very conser-
vative residue changes in the N-terminal portion of the
active fragment, Q910A and N915A, were tolerated with
only modest loss of stimulatory activity. The asparagine
residue does not in fact contact Sec23 or Sar1 directly.
In summary, the active-site configuration of the ternary
complex explains how Sec31 synergizes with Sec23 to
accelerate GTP hydrolysis. Sec31 cannot act alone on
Sar1 because it only binds to the Sec23Sar1 complex.
In this way, the sequential binding reaction confers a
two-gear mechanism for GTP hydrolysis on Sar1 (Antonny
et al., 2001), whereby hydrolysis is initiated upon Sec23/
24 binding and is accelerated further upon recruitment
of Sec13/31. Thus, GTP hydrolysis is programmed into
the COPII system upon assembly. The slow rate of
reaction on Sec23/24Sar1 may provide the prebudding
complex the opportunity to gather cargo and SNARE mol-
ecules prior to Sec13/31 binding. Upon Sec13/31 recruit-
ment, the rapid rate of hydrolysis, which we estimate
could be as high as 0.5 s1, may compromise the stable
attachment of ternary complexes to the membrane. But
in the late stages of budding the dependence on Sar1-
GTP for stabilization of COPII proteins on the ER probably
diminishes as Sec13/31 polymerizes and as Sec23/24
collects cargo to provide additional bonds linking coat
proteins laterally and to the membrane (discussed in
Antonny et al., 2001).
The F382L Disease Mutation in Human Sec23A
Maps Close to the Interface of Sec23 and Sec31
A substitution in human Sec23A, F382L, causes cranio-
lenticulo-sutural dysplasia, a craniofacial and skeletal dys-
morphic syndrome (Boyadjiev et al., 2006). Fibroblasts
homozygous for the mutation have a disorganized endo-
plasmic reticulum. Molecular analysis of F382L Sec23A
reveals that although it can combine with Sec24 and is re-
cruited efficiently to membranes by Sar1, the mutant pro-
tein is deficient in vesicle formation. Moreover, Sec13/31
is mislocalized to the cytoplasm in the mutant cells, sug-
gesting that the mutation affects the interaction of Sec23/
24Sar1 with Sec13/31 (Boyadjiev et al., 2006, and see
accompanying manuscript by Fromme et al., 2007).
The corresponding phenylalanine residue in S. cerevi-
siae Sec23, Phe380, is located on helix aI of the trunk do-
main, which makes key interactions with the Sec31 activeDevelopmenfragment (Figure 5). The phenylalanine residue is highly
conserved (Boyadjiev et al., 2006), and its side chain re-
sides on the internal face of helix aI, contributing to the hy-
drophobic core via contacts to adjacent hydrophobic side
chains of Sec23, including Phe346, Phe375, and Tyr384.
Although Phe380 does not contact Sec31 directly, resi-
dues 924–931 of the active fragment make contacts along
the length of helix aI, the most notable of which is the elec-
trostatic interaction between the side chain of Asp924 and
the positive charge of the N terminus of the a helix (Fig-
ure 5D). As noted above, this set of residues of the active
fragment, in particular 923–927, are important for but-
tressing Trp922 at the Sar1 active site. The disease muta-
tion is a subtle change to leucine, but we predict that this
will perturb the local structure of helix aI so as to weaken
contacts to the active fragment. We infer that the Sec23
disease mutation impairs the recruitment and nucleation
of Sec13/31 at sites of COPII budding.
Connection of Inner and Outer Shell Complexes
in the COPII Coat
Figure 6 presents a model for the arrangement of Sec23/
24 complexes in the COPII coat, and is based on recent
structural data on the 60 nm cuboctahedron cage built
from 24 assembly units (Fath et al., 2007; Stagg et al.,
2006). Since each assembly unit is a Sec13/Sec31Sec31/
Sec13 heterotetramer, there are 48 copies of Sec31 per
cage, and binding sites for 48 copies of Sec23/24Sar1.
Put differently, the cage has twelve vertices, each vertex
formed from the convergence of four Sec13/31 rods, so
there are binding sites for four Sec23/24Sar1 molecules
to nestle on the membrane underneath each vertex.
With respect to the present study, there are three salient
features of the model. First, the membrane vesicle is
drawn as a 40 nm sphere inside the cage, to allow an
5 nm space for Sec23/24Sar1 (see Barlowe et al., 1994,
and Fath et al., 2007). Second, the polypeptide linker (zig-
zag line) that connects the Sec31 active fragment to the
upstreama-solenoid domain is a 130 residue portion of the
proline-rich region, and is very likely unstructured. Third,
the C terminus of the Sec31 a- solenoid domain, from
where the linker projects down toward the membrane, is
roughly equidistant (70 A˚) from the vertex dyad and the
center of the assembly unit.
The flexible connection between the cage and Sec23/
24Sar1, via the 130 residue linker, suggests that Sec23/
24Sar1 complexes may be somewhat mobile on the
membrane, such that the 432 symmetry of the cage is
not imposed strictly on the inner shell proteins. Neverthe-
less, the mobility of Sec23/24Sar1 is probably restricted
by its dense packing on the membrane surface. We previ-
ously estimated that 48 copies of Sec23/24Sar1 would
cover as much as 80% of the surface area of a 40 nm
membrane vesicle (Fath et al., 2007).
We have depicted this situation as four Sec23/24Sar1
complexes under a vertex but not conforming closely to
the cage symmetry (Figure 6). The complexes are drawn
nestled close to the vertex center, and paired in an
approximate fashion with the Sec31 a-solenoid domain total Cell 13, 635–645, November 2007 ª2007 Elsevier Inc. 643
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Structure of Sec23Sar1 Complexed with Sec31Figure 6. A Model for the Interactions and Organization of Proteins in the COPII Coat
The picture shows a model of the COPII cage, a cuboctahedron built from 24 copies of the Sec13/Sec31-Sec31/Sec13 assembly unit (Fath et al.,
2007; Stagg et al., 2006). Each of the twelve vertices of the cage is formed by the convergence of four Sec13/31 subunits. Thus, there are binding
sites for four copies of Sec23/24Sar1 under each vertex. In the picture we have modeled four copies of Sec23/24Sar1 complexed with the
Sec31 active fragment. The zigzag lines represent the 130 residue proline-rich segment (residues 764–898) that connects the a-solenoid to the
active fragment of Sec31 (see Figures 1A and 2B). Since this linker is likely to be flexible, we positioned the four Sec23/24Sar1 complexes such
that they do not conform precisely to the 2-fold symmetry of the vertex. The sphere of diameter 38 nm represents the membrane vesicle. The
close-up view on the left has a vertex at top. The view on the right is along the vertex 2-fold axis. Sec23 is orange, Sec24 is green, Sar1 is red,
Sec31 is blue and lilac, and Sec13 is dark gray and light gray.which each is attached, rather than in a jumbled arrange-
ment. But we predict that this order arises as much from
the dense surface packing of Sec23/24Sar1 as it does
from the arrangement and symmetry of the outer shell
assembly units.
A flexible connection between the inner and outer shells
of the vesicular coat is highly reminiscent of the situation in
clathrin cages, where the N-terminal b-propeller domain of
the clathrin heavy chain interacts with adaptors via short
peptide elements that are nested in flexible regions of
polypeptide (ter Haar et al., 2000). Thus, a flexible connec-
tion between the architectural outer shell and the cargo-
gathering inner shell complex may be a common feature
of vesicle coat organization that facilitates the packaging
of a range of cargo molecules of different shapes and
sizes.
EXPERIMENTAL PROCEDURES
Protein Preparation
For protein expression in insect cells, baculoviruses (Bac-to-Bac,
GIBCO) were prepared encoding yeast Sec13 and His6-Sec31. These
proteins, as well as yeast His6-Sec23 and Sec23/His6-Sec24 complex,
were expressed in insect cells and purified as described (Bi et al.,
2002). Histidine tags were removed by cleavage with TEV protease.
The soluble, truncated form of yeast Sar1, comprising residues
24–190, was complexed with the nonhydrolyzable GTP analog guano-
sine-50-[b,g-imido]-triphosphate (GppNHp) and Mg2+, and purified as
described (Bi et al., 2002). Fragments of Sec31 were subcloned
according to the domain analysis of Fath et al., 2007, and were over-
expressed in E. coli as C-terminal fusions to glutathione S-transferase
using the pETGEXCT vector (Sharrocks, 1994). Proteins were purified
by glutathione sepharose chromatography. Mutagenesis was per-
formed using the QuikChange reagents (Stratagene).644 Developmental Cell 13, 635–645, November 2007 ª2007 ECrystallization and Structure Determination
For crystallization, Sec23 was mixed with Sar1GppNHpMg2+ (trun-
cated Sar1) and the active fragment of Sec31 (residues 899–947).
Each protein was at a final concentration of 360 mM in 150 mM NaCl,
20 mM HEPES (pH 7.4), and 4 mM DTT. Crystals (space group
P21212) were grown at 22
C by the hanging-drop method by mixing
1 ml of protein solution with 1 ml of a well solution comprising 15%
PEG-1500 and 100 mM HEPES (pH 7.0). Crystals, which appeared
after three days, were transferred to a solution containing 20% PEG-
1500, 16% glycerol, and 100 mM HEPES (pH 6.8), and flash-frozen
in liquid propane. Crystals treated in this manner diffracted X-rays to
at least 2.5 A˚ resolution using a synchrotron X-ray source.
X-ray diffraction data to 2.5 A˚ resolution were measured at beamline
X-25 of the National Synchrotron Light Source (NSLS). Data were
processed with programs DENZO and SCALEPACK (Otwinowski
and Minor, 1997). The structures were solved by molecular replace-
ment with the program AMORE (CCP4, 1994) using yeast Sec23 as
the search model (Bi et al., 2002). The initial model was improved by
rigid-body and positional refinement with program CNS (Brunger
et al., 1998). Sar1GppNHpMg2+ was then placed into clear electron
density. Finally, residues 907–942 of Sec31 were modeled into elec-
tron density, and the structure was refined to an R factor of 20.5%
(Rfree = 26.2%). The X-ray data and refinement statistics are summa-
rized in Table 1. The model contains three residues of Sec23 that are
outliers in the Ramachandran plot: Phe659 seems to be modeled
correctly; residues Val30 and Gln683 are located in regions of weak
electron density. None of these residues is in the vicinity of the inter-
face with Sar1 or Sec31. All Sec31 residues lie within allowed regions
of the Ramachandran plot. The final model comprises 7354 protein
atoms, one molecule of GppNHpMg2+, one zinc atom (in the zinc
finger domain of Sec23) and 231 water molecules. No electron density
is observed for the eight N-terminal and five C-terminal residues of the
Sec31 polypeptide.
GTPase Assays
For GTPase assays, we prepared the substrate Sar1 (24–190) bound to
the fluorescent nucleotide derivatives mant-GTP, mant-dGTP or mant-
GppNHp (mant nucleotides were purchased from Jena Bioscience).lsevier Inc.
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Structure of Sec23Sar1 Complexed with Sec31Sar1 was incubated with a 30-fold molar excess of mant nucleotide
overnight at 4C, and excess nucleotide was separated from protein
by gel filtration on a Superdex 75 column. The extent of mant nucleo-
tide incorporation was estimated by absorbance measurements at 280
and 355 nm.
The decrease in fluorescence, due to hydrolysis of mant-GTP on
Sar1, was monitored in a fluorimeter (Fluoromax-2, Horiba Jobin-
Yvon). All reactions were performed at 25C in 150 mM NaCl, 25 mM
HEPES (pH 7.4), 2 mM DTT, and 2 mM MgCl2 using an excitation
wavelength of 360 nm and emission measured at 438 nm. In a typical
experiment, the reaction was initiated by the addition of Sec23 (or
Sec23/24) to a filtered, degassed solution containing Sar1mant-
nucleotide plus Sec31; the total reaction volume was 1.2 ml. Reaction
rates were determined from exponential fits to the data.
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